Stimulating, and some blocking, antibodies to the TSH receptor (TSHR) have conformation-dependent epitopes reported to involve primarily the leucine rich repeat region of the ectodomain (LRD). However, successful crystallization of TSHR residues 22-260 has omitted important extracellular non-LRD residues including the hinge region which connects the TSHR ectodomain to the transmembrane domain and which is involved in ligand induced signal transduction. The aim of the present study, therefore, was to determine if TSHR antibodies (TSHR-Abs) have non-LRD binding sites outside the LRD. To obtain this information we employed the method of epitope protection in which we first protected TSHR residues 1-412 with intact TSHR antibodies and then enzymatically digested the unprotected residues. Those peptides remaining were subsequently delineated by mass spectrometry. Fourteen out of 23 of the reported stimulating monoclonal TSHR-Ab crystal contact residues were protected by this technique which may reflect the higher binding energies of certain residues detected in this approach. Comparing the protected epitopes of two stimulating TSHR-Abs we found both similarities and differences but both antibodies also contacted the hinge region and the amino terminus of the TSHR following the signal peptide and encompassing cysteine box 1 which has previously been shown to be important for TSH binding and activation. A monoclonal blocking TSHR antibody revealed a similar pattern of binding regions but the residues that it contacted on the LRD were again distinct. These data demonstrated that conformationally dependent TSHR-Abs had epitopes not confined to the LRDs but also incorporated epitopes not revealed in the available crystal structure. Furthermore, the data also indicated that in addition to overlapping contact regions within the LRD, there are unique epitope patterns for each of the antibodies which may contribute to their functional heterogeneity.
Introduction
Graves' disease is a classic example of a disease where autoantibody mediated receptor activation is the major cause of the clinical phenotype. The target of these autoantibodies is the thyroid stimulating hormone receptor (TSHR), a G proteincoupled receptor present on the plasma membrane of thyrocytes (and other extra-thyroidal cells including fibroblasts, adipocytes and bone cells) [1, 2] which is required to carry out many of the specialized functions of the thyroid gland [3] . The TSHR belongs to the subfamily of glycoprotein receptors that display a bipartite structure consisting of a large amino terminal extracellular domain (ECD) responsible for high affinity hormone binding and a serpentine membrane terminal portion which is a characteristic of the opsin family of G proteins [4] . The ECD consists of a well characterized leucine rich domain (LRD) starting from residues 22-260, after removal of the signal peptide, and encompassing 10 leucine rich repeats, followed by a region of approximately 130 amino acids that has been termed the ''hinge region'' [2, 5, 6] . This latter region has, to date, defied crystallization, and it has not been possible to model since it lacks homology to any known structure.
The TSHR not only has the longest hinge region of similar receptor structures but it also harbors a unique 50 amino acid peptide which is deleted by proteolysis (cleavage) leading to a final bipartite receptor structure [7, 8] . These post-translational changes result in an extracellular ligand sensing a-(or A) subunit and a membrane embedded b-(or B) subunit which are joined by covalent bonds [8, 9] .
It was first believed that the LRD region of the ectodomain was the main and only interacting site for TSH and TSHR autoantibodies but several studies have now shown that non-LRD binding sites are also involved in receptor activation [10, 11, 12] There is now an emerging concept to explain signaling at the TSH receptor as a consequence of its post-translational structural alterations which also includes multimer formation [13, 14] . Recent studies have shown that the hinge region is not an inert scaffold but harbors positive and negatively charged residues which actively interact with the a and b subunit residues of the TSH ligand itself [11] and stabilizes the receptor conformation that is required for signal transduction. Indeed the higher potency of porcine and bovine TSH preparations compared to recombi-nant human TSH has been explained by their interaction with non-LRD regions [15] , and this has been confirmed by studies with mutated hinge regions [16] .
Crystallization of FSH bound to the FSH receptor [17] revealed the precise sites of binding by a glycoprotein hormone to the concave surface of the LRD and this allowed the first comparative modeling of TSH-TSHR interaction [18, 19] . Using this information and the subsequent TSHR-M22-Fab crystal structure, it was possible to identify receptor residues that are important for stimulating TSHR antibody binding [20, 21] . These studies extended our previous understanding of the TSH binding pocket as delineated using a series of monoclonal antibodies [22] . The recent crystallization of a TSHR blocking antibody has added further insight into these interactions by suggesting a different orientation of the LRD that is captured by blockers over that of the stimulators [23] . How these auto antibodies activate or block the receptor by their presumed structural influence is still not fully understood.
Knowing the complete tripartite structure of the TSHR (LRD, hinge and TMD) and their relative orientation to one another would help us to better understand ligand and autoantibody binding and how this might lead to receptor activation. However, the lack of a crystal structure for the entire TSHR complex has led us to resort to conformational epitope mapping by other means. Discontinuous epitopes are dependent on structural conformation of the protein may complicate the interpretation of point directed mutagenesis and overlapping peptide analysis. In the case of mutagenesis, studies that demonstrate loss of binding may not necessarily equate with the identity of the epitope but may result in unrelated structural changes. Another approach, that of steric protection of amino acids at the interface of a monoclonal antibody followed by limited proteolysis and matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS) has been successfully used to study a few conformational epitopes [24] . We have, therefore, used this latter approach to map the binding residues of TSHR antibodies (blocking and stimulating) which bind to the TSHR ectodomain and have identified their non-LRD binding sites.
Materials and Methods

Antibodies Employed
MS-1 is our well characterized hamster derived monoclonal stimulating TSHR antibody [25] , M-22 is a human stimulating monoclonal TSHR antibody ) [20, 26] (kind gift from RSR Ltd, Cardiff, UK) and Tab-8, is a hamster derived TSH blocking monoclonal TSHR antibody [27] . All three of these monoclonal antibodies had conformational epitopes on the TSHR as evidenced by flow cytometric analysis. In contrast, murine monoclonal TSHR-Abs A10 (Serotec,CA), M1 (RSR 1) and M4 (RSR 4) with linear epitopes at residues 22-41, 381-385 and 322-342 respectively, were used as control TSHR antibodies (also gifts 
Preparation of TSHR Ectodomain
Stable lines of GPI-TSHR transfected cells used in this study were generated by transfecting a GPI linked TSHR ectodomain (kindly provided by Dr. A.P Johnstone, St. George's Hospital Medical School, UK) into CHO cells [28] . These cells were maintained in Ham F12 with 10% FBS and 100 IU of penicillin/ streptomycin as described earlier. ECD was prepared directly from these cells. Briefly, four 150 mm dishes of CHO-TSHR cells were cultured in Ham's F12 medium with 10% fetal bovine serum and 100 mU/ml of penicillin and streptomycin until the cells were 90% confluent. 10 8 GPI -TSHRT-ECD cells were washed three times with 1X PBS (without Mg/Ca ++) and incubated with PI-PLC (0.1 unit) in 500 ul of PI-PLC buffer for 10 min at 4C and the supernatant harvested after pelleting the cells by centrifugation.
Flow Cytometry and Binding
CHO-TSHR cells (28) and GPI-TSHR-ECD cells (as described above) before and after PI-PLC treatment, the cells were washed twice with PBS pH 7.4 at room temperature and distributed as 1610 6 cells per tube for staining. 1 ug/ml of TSHR specific antibody was then added to these treated cells and incubated at room temperature for 1 hr. After washing twice with FACS buffer, the cells were stained with detecting antibody (anti mouse Fab' conjugated to FITC) and the resulting loss of ectodomain binding was observed.
Co-immunoprecipitation with MS-1
Ectodomain preparations from GPI-TSHR-ECD cells, and solubilized cell membranes prepared from CHO-TSHR cells as control (13) , were immunoprecipitated with MS-1. Briefly, the PI-PLC eluted fraction obtained from GPI-TSHR-ECD preparations was precipitated by the addition of 2 mg/ml of hamster monoclonal antibody MS-1 for 3 hr at 4uC. This was followed by a pull down of the immune complex with protein G sepharose beads. The beads were reduced by treating them with 5x sample buffer containing 100 mM of DTT for 45 minutes at 50uC. The immunoprecipitates were resolved on 12% SDS-PAGE and electro-blotted onto PVDF membranes. Membranes were blocked with 5% dried skimmed milk in TBS with 0.05%Tween20 (TBST) and then probed with two different antibodies recognizing two regions of the TSHR ectodomain (1) An antibody that recognized the extreme N terminus of the protein (A10 -recognizing residues 22-41) and (2) The M1 TSHR antibody (to residues 381-385) as the second probe. Washed membranes were then incubated with 1:10,000 of secondary antibody (anti-mouse HRP) for 1 hr at room temperature. After final washing, bound secondary antibodies were visualized using enhanced chemiluminescence (Super Signal ECL, Pierce, and IL).
Antibody Protection Assay and Mass Spectrometry
Having established that the conformation of antigen was retained in the purified TSHR ECD preparations by the coimmunoprecipitation experiments, we carried out antibody protection of the TSHR as follows: 1. We incubated 1 ug with a variety of TSHR monoclonal antibodies (as described above) with 0.1 ug of purified ECD in 10 mM H 4 HCO 3 buffer pH8.0 at 37uC for 1 h.
This antibody-antigen complex was then incubated with
Protein G conjugated sephraose beads and incubated further for another 2 h in mM NH 4 HCO 3 buffer at 37uC. At the end of this incubation, the beads were washed 2 times with buffer. 3. The antigen bound to the cross-linked antibody was then subjected to limited proteolysis on mini columns with immobilized trypsin (10 ng/ml) (Thermo Scientific, IL) for 3 h at 37uC which was empirically determined. 4. On completion of digestion, the beads were removed by centrifugation and washed stringently several times with H 4 HCO buffer pH 8.0. 5. The fragments of the antigen bound to receptor were eluted using 10% acetonitrile/0.1% formic acid and eluates were lyophilized and dissolved in 10% acetonitrile/0.1% FA organic solvent and analyzed by LC/MS (LTQ Thermo) with the mass spectrometer set to collect and analyze all peptides with masses equivalent to all ECD tryptic peptides.
Database Searching and Analysis of the MS Spectra
Mass spectometry data were searched against a non-redundant database and a human TSHR protein database using the SEQUEST algorithm from the BioWorks suite of mass analysis software (Thermo Scientific, IL).
Results
Conformational Identity of Monoclonal Antibodies
The conformational nature of the TSHR antibody epitopes was initially confirmed prior to performing epitope protection studies. Cells expressing the TSHR (CHO-TSHR) were fixed briefly with 4% paraformaldehyde as described in the legend to Figure 1 . The TSHR-Ab-MS-1 lost its ability to bind to the receptor as indicated by the decreased fluorescence intensity on flow cytometry when compared with unfixed cells where the antibody retained its binding capacity ( Figures 1A and 1B) . The binding of a TSHRmAb (M1), that recognized a linear epitope, remained unaltered by fixation of CHO-TSHR cells ( Figures 1C and 1D) . Similar data were obtained for human stimulating antibody M22 and hamster blocking antibody TAb-8 (data not shown).
Cell Surface Expression of TSHR ECD-GPI
The entire ectodomain of the TSH receptor (1-412aa) was linked to GPI ( Figure 2A ) and the construct expressed on CHO cells. The surface expression of the TSHR ectodomain was then ascertained histologically by immunofluorscent staining using TSHR-Ab-M1(RSR1 or M1) conjugated to Alexa 488 ( Figure 2B ). 
Bulk Receptor Preparation
Antigenicity of Purified TSHR Ectodomain
TSH receptors released from the cell surface might have lost binding to antibody because of conformational changes in the released protein and/or degradation of the protein. Therefore, retention of antibody binding to the TSHR ectodomain released from the surface of the transfected CHO cells was critical to the success of the planned epitope protection studies. To be sure that the TSHR-ECD released from the surface of cells retained the ability to bind to conformationally dependent TSHR-Abs we performed co-immunoprecipitation in total membranes ( Figure 2C ) and TSHR ECD released from the cell surface ( Figure 2D) . As shown by the immunoblotting, the conformationally dependent TSHR-mAb MS-1 was still capable of binding to TSHR ectodomain preparations even after PI-PLC treatment.
Identification of Conformational Epitopes of Stimulating TSHR Antibodies
Mass spectrometric analysis of peptide fragments obtained from the epitope protection of stimulating TSHR antibody MS-1 yielded five major epitopic regions throughout the TSHR ectodomain ( Figure 4A ). Control antibodies revealed no identifiable peptide fragments. The results were best illustrated by overlaying the regions obtained onto a snake plot of the entire TSHR-ECD ( Figure 4B) . The five LRD regions that were recognized corresponded to LRRs 1, 4, 7, 8 and 9. There were Figure 4 . Mass spectrometry and mapping of protected epitopes of MS-1 and M22. Panel A -The antibody protected peptides were eluted and fed into the mass spectrometer which scanned the incoming peptides based on user defined criteria in the database and was able to select TSHR specific tryptic peptides. By this method we obtained five major peaks for peptides protected by MS-1(marked by an asterisk). The captured peptides were dissociated in an ion spray and the masses of the component amino acids measured and identified. Additional profiles are provided as Supplementary Material. Panel B -The common regions, indicated by the yellow stars, and regions that were unique to each of the stimulating antibodies, indicated by the blue (M22) and green (MS-1) stars, illustrate the relative similarity and difference between the protected regions of these two antibodies. The exact contact residues for M22 (red circles) obtained from the crystal structure [20] when overlaid on this model identified ,60% of the reported residues. The regions on the leucine rich repeats contacted by MS-1 corresponded to LRD 1, 4, 7, 8 and 9. In addition two regions outside the LRD were protected, one region was on the amino terminus starting and the second large region in the N-terminus of the hinge region. Similarly the regions contacted by M22 corresponded to LRD 1, 2, 3, 4 and 7. As seen with MS-1, the amino terminus and hinge region epitopes were also protected. These epitope protection studies were repeated three times (n = 3) for each antibody. doi:10.1371/journal.pone.0044669.g004 also two regions recognized by MS-1 outside the LRD -a segment of ectodomain between position methionine #22 (the first amino acid after the signal peptide) and S53 encompassing the Nterminal cysteine cluster 1 and a second region of 21 amino acids from R274 to Q294 in the amino terminus of the hinge region. Analysis of the human stimulating TSHR-mAb M22 protecting the TSHR gave a similar mass spectrometry profile with residues encompassing the major LRD region, the amino terminus of the receptor ectodomain, and a large segment of the hinge region (see Figure S1 ). The snake plot ( Figure 4B ) revealed five major regions in the LRD portion covering LRRs 1, 2, 3, 4 and 7. Interestingly, in the case of M22, the segments that were protected in the LRD included five b pleats and four of these were restricted to the amino half of the LRD. Like MS1, M22 also covered the N terminal cysteine cluster and a larger region of the hinge region starting at L263 and ending at K291. Overlaying residues (marked by red circles) obtained by crystallization of M22 Fab, onto the snake plot, showed that there was a ,60% identification of the reported residues by using the epitope protection method ( Figure 4B) . On comparing our hamster stimulating antibody MS-1 and the human stimulating antibody M22 we found several unique and common epitopes between the two stimulating TSHR antibodies in the LRD region when mapped on the 3D structure ( Figure 5 ). This form of analysis showed that the amino and hinge regions of the TSHR were common epitopes to both stimulating antibodies with almost a complete overlap for these regions. The segments that were unique to these two antibodies were mostly restricted to the LRD region.
Identification of the Conformational Epitopes of a Blocking TSHR-Ab
To identify if blocking TSHR-Abs had any major differences in epitope recognition we analyzed the protected epitopes of TSHRmAb TAb-8. This is a hamster monoclonal antibody to the TSHR with powerful TSH blocking activity [27] . Mapping the identified residues by mass spectrometry of this antibody on the snake plot showed that it had only 3 major segments of contact on the LRD portion of the receptor, with LRRs 2, 3, 4 and 7 contacted ( Figure 6A) . However, the non-LRD protected segments had again two regions -the amino terminus segment ranged from G21 to V39 encompassing the cysteine loop 2 and the hinge region from L252 all the way to R292, which like the stimulating antibody had the SHCCAF motif enclosed within this region.
Comparing Stimulating and Blocking TSHR-Abs
The blocking antibody epitopes, when compared to the stimulating epitopes, showed binding to a shorter amino terminus segment of the receptor and a larger region of the hinge region encompassing the known critical residue 255 [20, 29] which has been shown to be needed for normal receptor signaling. On comparing the blocker to the stimulating antibodies we saw some common regions but also several unique regions to the TSHR blocker ( Figure 6B ). 
Discussion
The precise mechanism by which the immune system is activated in its response to the TSHR antigen in Graves' disease remains unclear but it is now known that the various pathogenic auto antibodies to the TSHR activate or deactivate the receptor by binding to contiguous, non-contiguous or to both types of epitopes on the extracellular region of the receptor [30, 31, 32] . Conventionally, conformational antibody epitopes have been studied using molecular modeling and site directed mutagenesis [32] .However, using the mutagenesis approach discontinuous epitope of two TSH receptor stimulating mouse monoclonal antibody has been precisely mapped to the amino-terminal portion of the LRD [33] Although these methods can be robust approaches their reliability and applicability to conformational epitopes is questionable since mutagenesis may interfere with the three dimensional tertiary structure of the protein. However studies by Cornelis et al [34] have shown that ectodomain of TSHR receptor prepared by PI-PLC has affinity not only to TSH but also auto antibodies suggesting this preparation is close native state. Our results described here using the antibody protection technique, coupled with mass spectrometry, indicated that the conformational epitopes on the TSHR ectodomain which are recognized by stimulating and blocking antibodies are not confined to the LRD region of the receptor.
We currently have most insight into the contact residues of human stimulating antibody (M22) and human blocking antibody (K1-70) following crystallization of the TSHR ectodomain bound to the Fab fragments of these antibodies [23] . However, the crystal structures employed residues 22-260 and thus revealed the binding characteristics of the antibodies only within the LRD region. We knew previously from several earlier studies that the LRD region is the critical binding site for TSH [35] and is known to cradle the TSH binding pocket [22] . TSH binds primarily to the concave surface of the LRD region, making contact with almost all the 10 b pleated sheets of this domain in a ''hand clasped'' fashion [20, 23] similar to other glycoprotein hormones [17, 36] . Similarly studies using stimulating and blocking monoclonal antibodies and patient IgGs have also pointed to the LRD as a major region for initiation of stimulation or inhibition of ligand activation [2, 20, 21, 23, 27] . Thus, undoubtedly the LRD is the major part of the receptor for binding and perhaps also signal transduction but it is certainly not the only region. The hinge region of the TSHR encompasses residues 277-412 and is, therefore, outside of the LRD but has recently been shown to be important for ligand binding and signaling [10, 11, 12, 16] . This region, which was thought earlier to be an inert scaffold joining the LRD to the transmembrane region, is now known to contain residues that are critical for ligand binding and signaling. It has also been shown that a tyrosine residue located downstream of the C terminus cystein cluster in this region is mandatory for high affinity TSH binding and activation of the receptor [37] Studies from our laboratory have shown that neutral antibodies directed to the cleaved region (316-366) are capable of activating the receptor leading to non-cAMP dependent signaling [30] . In agreement with these studies, mutation analysis of the hinge region of the receptor demonstrated an extended hormone binding site that is also involved in receptor activation [29, 38] . Mutation studies within the LRD itself have shown that such binding sites can vary, suggesting subtle differences in the amino acids that make contact with the different stimulators and blockers. Thus, agonistic or antagonist activity may depend more on the nature of the interacting residues than on the extent of the interacting surface although the exact triggers for these actions have yet to be found.
Since the autoantibody epitopes are conformation-dependent, we examined the epitopes of TSHR antibodies after minimal perturbation of the native structure which also allowed us to delineate antibody binding regions outside the LRD. Using this approach we examined two stimulating antibodies (MS-1 and M22) and one blocking monoclonal antibody (Tab-8) and compared their binding profiles. When we examined the epitopes of the high affinity human stimulating antibody M22 using the antibody protection technique, the peptide profile revealed five major regions that the antibody contacted within the ectodomain. Mapping the amino acid sequences of these different peaks on a snake plot of the entire ECD (1-412 aa) revealed major regions on LRD 1, 2, 3, & 4. The analysis identified two regions outside the LRD. The first was at the amino terminus of the receptor starting immediately after the signal peptide and the second site was the N terminus of the hinge which also encompassed a previously described activation motif (SHCCAF). In the LRD region we could define 14 of the 23 (61%) contact residues described in the crystal structure of M22 in a complex with the TSHR ECD [23] . Similarly, analysis of stimulating monoclonal antibody MS-1 [25] also indicated five major regions on the LRD; regions 1, 4, 7, 8 & 9. These differences in the contact residues (,50%) may also account for the affinity difference between these monoclonal antibodies. The 2 none LRD regions contacted by this antibody were similar to M22 except for minor differences in the number of residues contacted in the hinge region. Similar data were obtained for blocking mAb Tab-8 although the degree of binding to the LRD region was much less. More antibodies need to be examined before we can draw any broad conclusions concerning these differences in the protected LRDs. However, the current technique using antibody protection from trypsin digestion alone has led us to finding large regions encompassing the antibody epitope that may have arisen due the tertiary and quaternary structure of the protein. A finer mapping of these regions to determine the minimum epitopes will require further digestion of the exposed receptor residues using amino and carboxyl peptidases [39, 40, 41] . Figure S1 The peptide sequence of the entire TSH receptor ECD is shown in black letters in the top and bottom panels. The MS-1 protected peptides shown in the top panel (marked in red) and M22 protected peptide sequences shown in bottom panel (marked in green). (TIF)
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